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Introduction {#anie201916447-sec-0001}
============

An increasing number of regulatory, non‐coding RNA molecules with lengths of several hundred nucleotides has been identified in recent years. In order to study global folding and structural changes of such large tertiary RNA structures by spectroscopic methods, the site‐specific introduction of reporter groups is important. Electron paramagnetic resonance (EPR) spectroscopy provides valuable tools for studying RNA dynamics and folding and requires the site‐specific introduction of unpaired electrons as probes into the RNA of interest.[1](#anie201916447-bib-0001){ref-type="ref"} Applications of pulsed EPR techniques, for example, pulsed electron‐electron double resonance (PELDOR or DEER)[2](#anie201916447-bib-0002){ref-type="ref"} have been reported for short duplex RNA[1a](#anie201916447-bib-0001a){ref-type="ref"}, [3](#anie201916447-bib-0003){ref-type="ref"} but rarely for long (\>100 nucleotides) RNA molecules[4](#anie201916447-bib-0004){ref-type="ref"} due to the difficulties of spin labeling large, complexly folded RNAs.

Site‐specifically spin‐labeled RNAs are usually prepared by solid‐phase synthesis.[3a](#anie201916447-bib-0003a){ref-type="ref"}, [3e](#anie201916447-bib-0003e){ref-type="ref"} In this case, the spin label is exposed to the reagents used in nucleic acid synthesis, some of which can partially reduce the nitroxide.[3g](#anie201916447-bib-0003g){ref-type="ref"} To circumvent this, a combination with post‐synthetic introduction[3b](#anie201916447-bib-0003b){ref-type="ref"}, [3c](#anie201916447-bib-0003c){ref-type="ref"}, [3e](#anie201916447-bib-0003e){ref-type="ref"}, [3f](#anie201916447-bib-0003f){ref-type="ref"} of nitroxide spin labels, for example through click chemistry[3c](#anie201916447-bib-0003c){ref-type="ref"} or a photolabile protecting group for nitroxides are used.[3d](#anie201916447-bib-0003d){ref-type="ref"} Above all, the efficient chemical synthesis of RNA strands is restricted to sequences with less than a hundred nucleotides and enzymatic ligation strategies[4a](#anie201916447-bib-0004a){ref-type="ref"}, [4b](#anie201916447-bib-0004b){ref-type="ref"}, [4c](#anie201916447-bib-0004c){ref-type="ref"} to assemble large functional RNAs are challenging for complex folded structures. Yet, a size of 150--400 nucleotides is common for various naturally occurring RNAs such as ribozymes or riboswitches and studying folding and structure of those regulatory RNAs is of high interest.[4c](#anie201916447-bib-0004c){ref-type="ref"}, [5](#anie201916447-bib-0005){ref-type="ref"} New ligation and deoxyribozyme‐based methods have recently been developed for the site‐specific introduction of spin labels into RNA, but they are restricted by the accessibility of the modification site.[6](#anie201916447-bib-0006){ref-type="ref"} Thus, novel approaches for spin labeling such large RNA molecules for structural investigation, in particular for studying conformational changes, are urgently needed.

We provide herein a novel method for the fast and facile preparation of large spin‐labeled RNA molecules by in vitro transcription using an expanded genetic alphabet. Hydrophobic unnatural base pairs,[7](#anie201916447-bib-0007){ref-type="ref"} such as the d**TPT3**‐d**NaM** [8](#anie201916447-bib-0008){ref-type="ref"} base pair developed by Romesberg and co‐workers, can be employed to direct the site‐specific introduction of a functionalized unnatural triphosphate into RNA from a DNA template by standard T7 in vitro transcription.[9](#anie201916447-bib-0009){ref-type="ref"} In this context, our group has recently demonstrated that norbornene‐ and cyclopropene‐modified **TPT3** nucleotides can be employed to prepare labeled functional RNAs using copper‐free click chemistry.[9h](#anie201916447-bib-0009h){ref-type="ref"}, [9i](#anie201916447-bib-0009i){ref-type="ref"}, [9j](#anie201916447-bib-0009j){ref-type="ref"} We describe the synthesis of a **TPT3** triphosphate derivative functionalized with a pyrroline nitroxyl spin label (**TPT3^NO^** TP) for the template‐directed introduction of the spin label into RNA (Figure [1](#anie201916447-fig-0001){ref-type="fig"} A,B). The general procedure is outlined in Figure [1](#anie201916447-fig-0001){ref-type="fig"}. A double‐stranded DNA template containing two unnatural d**TPT3**‐d**NaM** [8](#anie201916447-bib-0008){ref-type="ref"} base pairs at predefined positions is prepared in two ways. Either a six‐letter fusion polymerase chain reaction (PCR) is employed using DNA fragments that contain the non‐natural d**NaM** nucleotide and are prepared by solid‐phase synthesis (Figure [1](#anie201916447-fig-0001){ref-type="fig"} A) or by a six‐letter PCR procedure amplifying from a plasmid template using forward and reverse primers that contain the modified nucleotides (d**NaM** and d**5SICS** as d**TPT3** analog, respectively, Figure [1](#anie201916447-fig-0001){ref-type="fig"} B). The template is transcribed into RNA by T7 RNA polymerase in the presence of the four natural ribonucleoside triphosphates and the additional spin‐labeled non‐natural triphosphate **TPT3^NO^** TP (Figure [1](#anie201916447-fig-0001){ref-type="fig"}), which is complementary to the d**NaM** units in the DNA template. The result is an in vitro transcribed RNA, which contains two spin labels at predefined positions of its sequence.

![Novel strategy for the enzymatic preparation of site‐specifically spin‐labeled long RNAs using an expanded genetic alphabet. Top: the full‐length double‐stranded DNA template is either generated A) by solid‐phase DNA synthesis of several short oligonucleotides followed by a six‐letter fusion PCR using unnatural nucleoside triphosphates (TPs) d**TPT3** TP[8](#anie201916447-bib-0008){ref-type="ref"} and d**NaM** TP[8](#anie201916447-bib-0008){ref-type="ref"} in addition to the canonical nucleoside triphosphates or B) by six letter PCR using d**TPT3** TP and d**NaM** TP amplifying from a plasmid template employing modified forward and reverse primers. Bottom: the novel nitroxyl‐modified nucleotide **TPT3^NO^** TP (**1**) is incorporated into RNA through genetic alphabet expansion transcription.[9](#anie201916447-bib-0009){ref-type="ref"}](ANIE-59-7891-g001){#anie201916447-fig-0001}

Using this approach, two RNA duplexes assembled from self‐complementary oligonucleotides bearing one spin label as well as a functional 185 nucleotide (nt) non‐coding RNA, the *B. subtilis* glmS ribozyme[10](#anie201916447-bib-0010){ref-type="ref"} and the 377 nucleotide long A‐region of the *M. musculus* long non‐coding (lnc) RNA Xist, both possessing two spin labels at predefined positions were prepared. Inter‐spin distance distributions were determined by pulsed EPR techniques (PELDOR).

Results and Discussion {#anie201916447-sec-0002}
======================

We first set out to assemble a small and rigid variant of the unnatural **TPT3** nucleotide containing the TPA[1e](#anie201916447-bib-0001e){ref-type="ref"} (**7**) spin label, **TPT3r^NO^** TP (**2**) (Scheme [1](#anie201916447-fig-5001){ref-type="fig"}, right path).

![Synthesis of the nitroxyl spin labeled nucleoside triphosphates **TPT3^NO^** TP (**1**) and **TPT3r^NO^** TP (**2**) from **TPT3^I^** (**3**).[9i](#anie201916447-bib-0009i){ref-type="ref"} **TPT3^NO^** TP (**1**): (i) propargylamine, CH~2~Cl~2~, r.t., 0.5 h, quant. (ii) CuI, NEt~3~, Pd(PPh~3~)~4~, DMF, r.t., o.n., 66 %. (iii) POCl~3~, Me~3~PO~4~, proton sponge, 0 °C, 3 h, then (Bu~3~NH)~2~PPi, NBu~3~, 0 °C, 30 min, 13 %. **TPT3r^NO^** TP (**2**): (iv) CuI, NEt~3~, Pd(PPh~3~)~4~, DMF, r.t., o.n., 96 %. (v) 2‐chloro‐4*H*‐1,2,3‐dioxaphosphirine‐4‐one, 1‐4‐dioxane, r.t., 40 min, then (Bu~3~NH)~2~PPi, NBu~3~, DMF, r.t., 40 min, then I~2,~ py/H~2~O, 5 %.](ANIE-59-7891-g005){#anie201916447-fig-5001}

Template‐directed incorporation of **TPT3r^NO^** TP (**2**) into an 18 nt RNA sequence by in vitro transcription was achieved and verified by ESI mass spectrometry and EPR (Figures S5, S6, and S18). However, it resulted in approximately 90 % truncation prior to incorporation of the unnatural triphosphate (see Figure [2](#anie201916447-fig-0002){ref-type="fig"} A, lane 1) likely because the T7 RNA polymerase is significantly inhibited incorporating this bulky and rigid unnatural triphosphate. To improve the incorporation efficiency of a spin‐labeled **TPT3** derivative during transcription, a more flexible linker was designed. As a reasonable compromise between rigidity desired for EPR versus transcription efficiency, the triphosphate **TPT3^NO^** (**1**) was chosen as the synthetic target in which nitroxide **5** is attached to the **TPT3** core through an amide propyl linker: An amide coupling between tempyo NHS ester **4** and propargylamine quantitatively gave alkyne spin label **5**, which was attached to the unnatural nucleoside **3** by Sonogashira coupling yielding nucleoside **6** (66 %). The nucleoside was then converted into triphosphate **1** (**TPT3^NO^** TP, 13 %).

![Site‐specific incorporation of spin‐labeled unnatural triphosphates into RNA by in vitro transcription using an expanded genetic alphabet. A) 20 % denaturing PAGE analysis of in vitro transcripts from a DNA template containing the unnatural nucleobase d**NaM** (**DNA^NaM^**, for sequence see the Supporting Information) yielding a self‐complementary 18‐nt RNA duplex bearing one nitroxide spin label. The incorporation efficiency of both synthesized **TPT3** derivatives **TPT3 r^NO^** TP (lane 1) and **TPT3^NO^** TP (lane 4) by T7 RNA polymerase was compared with that of cyclopropene‐modified **TPT3^CP^** TP[9h](#anie201916447-bib-0009h){ref-type="ref"} (lane 3). If no unnatural triphosphate is added to the in vitro transcription reaction, formation of full‐length product is not observed (lane 2). B) UV melting curves (265 nm) of self‐complementary RNA sequences **RNA^NO^** and **RNA_ext^NO^** in comparison to unmodified sequences bearing canonical U--A base pairs instead of **TPT3^NO^**--A mispairs. C) Native PAGE (20 %) of duplexes **RNA^NO^**, **RNA_ext^NO^** and unmodified duplexes **RNA^C^** and **RNA_ext^C^**. D) RNA sequences used in this study.](ANIE-59-7891-g002){#anie201916447-fig-0002}

Subsequently, **TPT3^NO^** TP (**1**) could efficiently be incorporated into 18‐nt and 20‐nt self‐complementary RNA sequences **RNA^NO^** and **RNA_ext^NO^**, respectively, during in vitro transcription (Figure [2](#anie201916447-fig-0002){ref-type="fig"} A,D, lane 4 and Figures S7--S10). The incorporation efficiency of **TPT3^NO^** TP into RNA through T7 in vitro transcription was assessed by the ratio of full‐length to truncated transcript from band intensities and was found to be excellent with 78±2 % for 18 nt **RNA^NO^** and 72±3 % for 20 nt **RNA_ext^NO^** (Figure S11).

Both transcribed RNA sequences **RNA^NO^** and **RNA_ext^NO^** are self‐complementary and form duplexes with in total two **TPT3^NO^**‐A mismatches. The influence of these mismatches on the stability of the RNA duplexes was investigated by UV melting experiments (Figure [2](#anie201916447-fig-0002){ref-type="fig"} B and Figure S14), native gel electrophoresis (Figure [2](#anie201916447-fig-0002){ref-type="fig"} C) and CD measurements (Figure S13) in comparison to the corresponding unmodified sequences. We observed a reduction in melting temperature of 9.9 °C and 6.2 °C per **TPT3^NO^** residue for duplex **RNA^NO^** and **RNA_ext^NO^** respectively, which is still comparable to the introduction of other spin‐label modifications on natural nucleobases forming canonical base pairs (4--5 °C per label).[3c](#anie201916447-bib-0003c){ref-type="ref"} On a native polyacrylamide gel, the modified sequences formed stable duplex structures as unmodified self‐complementary RNAs (Figure [2](#anie201916447-fig-0002){ref-type="fig"} C). Thus, stable duplexes are formed despite the **TPT3^NO^**‐A mismatch being present. Most likely the **TPT3** nucleobase adopts a stacking interaction within the duplex as shown crystallographically for DNA duplexes.[11](#anie201916447-bib-0011){ref-type="ref"}

The efficiency of the **TPT3^NO^** TP (**1**) incorporation into RNA duplexes **RNA^NO^** and **RNA_ext^NO^** was tested by room temperature cw‐EPR spectroscopic analysis (Figure S19), yielding a spin labeling efficiency of 99 % and 60 %, respectively. We further verified that the **TPT3^NO^** spin label remains stable in conditions of the in vitro transcription (Figure S20).

We then performed Q‐band PELDOR experiments (at 50 K) for both RNA duplexes (Figure [3](#anie201916447-fig-0003){ref-type="fig"} A,B) yielding well‐modulated time traces with modulation depths of 19 % and 7 % for **RNA^NO^** and **RNA_ext^NO^**, respectively. The modulation depths are shallower than the 35 % expected for Q‐band PELDOR on nitroxides and are due to the labeling efficiency and the formation of singly labeled hairpins (Figure [2](#anie201916447-fig-0002){ref-type="fig"} C).[3f](#anie201916447-bib-0003f){ref-type="ref"} Nevertheless, both duplexes provide sharp distance distributions with well‐defined peaks at 5.0 and 5.5 nm for the short and the by‐two‐base‐pairs‐extended RNA duplex (Figure [3](#anie201916447-fig-0003){ref-type="fig"} C and Figure S22), respectively. In order to translate the distance distributions into structural information, we performed all‐atom molecular dynamics (MD) simulations in explicit solvent (TIP3P water model) using the GROMACS[12](#anie201916447-bib-0012){ref-type="ref"} software package in combination with the CHARMM36[13](#anie201916447-bib-0013){ref-type="ref"} force field. The **TPT3^NO^** residue was parametrized and implemented in the CHARMM36 force field (force field parameters of **TPT3^NO^** are described in Table S2). Stable RNA duplexes are retained for **RNA^NO^** and **RNA_ext^NO^** over 2 μs simulation with an averaged N--N distance (nitroxyl group) of 5.2 nm (**RNA^NO^**) and 5.6 nm (**RNA_ext^NO^**) (Figure [3](#anie201916447-fig-0003){ref-type="fig"} C and Figure S29 A,B). The experimental distances are in excellent agreement with the MD‐derived distance distributions and fit exactly with the geometry and dimensions of an A‐form RNA duplex. This shows that our approach can be utilized as an accurate measure to determine distances in spin‐labeled RNAs prepared by genetic alphabet expansion transcription.

![PELDOR‐derived distance distributions in spin‐labeled RNA duplexes **RNA^NO^** and **RNA_ext^NO^** and in the 185‐nucleotide‐long *glmS* ribozyme. A,B) Background corrected PELDOR time traces of **RNA^NO^** (A, 16.7 μ[m]{.smallcaps} RNA) and **RNA_ext^NO^** (B, 15.0 μ[m]{.smallcaps}) C) Inter‐label distance distributions of RNA duplexes **RNA^NO^** (red curve) and **RNA_ext^NO^** (blue curve) overlaid with predicted N‐N (nitroxyl) distance distributions (red and blue shading) by MD simulation. D) Background corrected PELDOR time traces of **glmS^NO^4_4.1** (30 μ[m]{.smallcaps}). E) Inter‐label distance distributions of glmS ribozyme construct **glmS^NO^4_4.1** (green curve) overlaid with predicted N--N (nitroxyl) distance distributions (green shading) by MD simulation. F) Representative snapshot (cluster analysis) of **glmS^NO^4_4.1**. The two‐spin‐labeled **TPT3^NO^** residues in helix P4 and P4.1 are colored in green and highlighted in yellow.](ANIE-59-7891-g003){#anie201916447-fig-0003}

We then tested, whether it is possible to introduce two **TPT3^NO^** labels into a larger RNA molecule at predefined sequence positions through in vitro transcription to study the folding of a functional non‐coding RNA, in particular a ribozyme. The well‐studied, cofactor‐dependent *glmS* ribozyme from *B. subtilis* (for sequence, see the Supporting Information) folds into three parallel helical stacks consisting of three pseudoknots. Binding of its cofactor glucosamine‐6‐phosphate (*GlcN6P*), which is essential for acid--base catalysis, does not induce conformational changes in the RNA structure.[14](#anie201916447-bib-0014){ref-type="ref"}, [15](#anie201916447-bib-0015){ref-type="ref"} We introduced the unnatural triphosphate **TPT3^NO^** TP (**1**) site‐specifically at internal positions within the *B. subtilis glmS* ribozyme sequence to measure distances in the global fold of the ribozyme. Preparation of the double‐stranded, site‐specifically modified DNA template for the transcription of the *glmS* ribozyme was achieved by an assembly PCR (Figure [1](#anie201916447-fig-0001){ref-type="fig"} A, for sequences see the Supporting Information) in the presence of canonical dNTPs and the two unnatural nucleoside triphosphates of d**TPT3** and d**NaM**. In vitro transcription in the presence of **1** gave construct **glmS^NO^4_4.1** bearing two **TPT3^NO^** residues in helix P4 and P4.1, respectively. The spin‐labeled ribozyme construct was able to cleave in vitro (Figures S15 and S16), thus the introduced modifications do not interfere with the fundamental fold and activity of the ribozyme.

In our initial transcription setup, we did observe non‐templated 3′‐extension of the transcript with **TPT3^NO^** TP resulting in an overall high spin‐labeling efficiency of the RNA but a low modulation depth in PELDOR experiments. Non‐templated 3′‐extension by canonical nucleotides during in vitro transcription reactions of long DNA templates using T7 RNA polymerase is commonly observed.[16](#anie201916447-bib-0016){ref-type="ref"} We experimentally verified our hypothesis quantifying the amount of untemplated incorporation of **TPT3^NO^** TP at the 3′‐end by an in vitro transcription reaction from an unmodified DNA template in the presence of **TPT3^NO^** TP followed by *cw*‐EPR spectroscopic analysis. For the present *glmS* ribozyme construct, the untemplated 3′ spin label contributes to the spin‐labeling efficiency with 60 % (Figure S22 A). In contrast, the two duplexes described above did not show any indication of untemplated 3′‐extension, which fits with the previously reported observation that its efficiency depends on the sequence and length of the transcript.[16](#anie201916447-bib-0016){ref-type="ref"} In order to avoid the unspecific 3′‐extension for the *glmS* RNA, we constructed the *glmS* template DNA using two 2′‐OMe modifications in the reverse DNA primer for PCR. This generates the DNA template strand with two 2′‐OMe modified nucleotides at its 5′‐end, resulting in transcription termination. In this way, the unspecific labeling at the 3′‐end of the transcript could be suppressed below the detection limit (see Figure S22 B, cw‐EPR spectra). Under these conditions, the spin‐labeling efficiency for **glmS^NO^4_4.1** is 57 % (Figure S21 A) based on cw‐EPR spin counting. The successful incorporation of both labels is also reflected in the line‐shape of the cw‐EPR spectrum indicating restricted mobility of both spin labels.

From the PELDOR time trace with a modulation depth of 8 %, a distance distribution is obtained with a single peak at 3.8 nm (Figure [3](#anie201916447-fig-0003){ref-type="fig"} D,E and Figures S23 C and S24 C). The reduced modulation depth is again related to the labeling efficiency and the presence of mis‐ or unfolded *glmS* RNA.

To verify the experimentally observed distance distribution, we performed MD simulations on the entire *glmS* ribozyme (Figure [3](#anie201916447-fig-0003){ref-type="fig"} F). The starting model of the *glmS* ribozyme was constructed based on the crystal structure from *Bacillus anthracis* (PDB code: 3L3C[14](#anie201916447-bib-0014){ref-type="ref"}) and corresponding nucleobases are mutated according to the *B. subtilis glmS* ribozyme sequence used in this study (for details see Figure S28). The ribozyme fold is stable over 2 μs simulation (for details see the Supporting Information) and the computationally determined inter‐nitroxide distances overlay well with the main peak at 3.8 nm in the PELDOR‐derived distance distribution (Figure [3](#anie201916447-fig-0003){ref-type="fig"} E and Figure S24 C, for MD see Figure S29 C).

Having established a novel method for spin‐labeling during in vitro transcription, we aimed at testing the potential of this approach by examining a structurally underexplored long non‐coding RNA, the A‐region of the lncRNA Xist[17](#anie201916447-bib-0017){ref-type="ref"} (X inactive specific transcript). Xist regulates X chromosome inactivation in female mammals and acts as a scaffold for protein recruitment.[17b](#anie201916447-bib-0017b){ref-type="ref"} The A‐repeat region Xist RNA is highly conserved in mammals including humans and is indispensable for early gene silencing.[17b](#anie201916447-bib-0017b){ref-type="ref"} So far, structural information on the Xist A‐region is restricted to structural models proposed by chemical and enzymatic probing.[17](#anie201916447-bib-0017){ref-type="ref"} By introducing two spin labels in the sequence of the *M. musculus* Xist A‐region, we aimed to probe one of the multiple structural models proposed in which the 5′ and the 3′‐end of the A‐region fold into a stable duplex.[17a](#anie201916447-bib-0017a){ref-type="ref"} This model had been established by Targeted Structure‐Seq, a method combining in vivo DMS chemical probing with next‐generation sequencing.[17a](#anie201916447-bib-0017a){ref-type="ref"}

Preparation of the site‐specifically modified DNA template for transcription of the Xist RNA was achieved by six‐letter PCR from a plasmid template containing the *M. musculus* Xist gene using modified primers[9g](#anie201916447-bib-0009g){ref-type="ref"} introducing the UBPs. Two constructs of the Xist A‐region were prepared, one bearing two spin labels at its 3′‐end (**Xist^NO^3_3**, Figure [4](#anie201916447-fig-0004){ref-type="fig"} A and Figure [4](#anie201916447-fig-0004){ref-type="fig"} E, right panel) flanking both ends of the potential duplex being formed and one with both spin labels positioned 363 nt apart from each other in its 5′ and 3′‐end (**Xist^NO^5_3**, Figure [4](#anie201916447-fig-0004){ref-type="fig"} A and Figure [4](#anie201916447-fig-0004){ref-type="fig"} G, right panel). Spin labeling of both Xist constructs was verified by room temperature cw‐EPR spectroscopic analysis (Figure S21, spin‐labeling efficiency of **Xist^NO^3_3**: 44 % and of **Xist^NO^5_3**: 76 %).

![PELDOR‐derived distance distributions in the spin‐labeled A‐region of the long non‐coding RNA Xist (377 nt). A) Schematic of the 377 nt Xist A‐region prepared and site‐specifically modified by **TPT3^NO^** in this work based on the folding model of Fang et al.[17a](#anie201916447-bib-0017a){ref-type="ref"} The positions of the spin label pairs in two Xist constructs **Xist^NO^3_3** and **Xist^NO^5_3** are indicated in pink and dark blue (**Xist^NO^3_3**) or blue and dark blue (**Xist^NO^5_3**). B,C) Representative snapshots (cluster analysis) of 1 μs MD simulation of the RNA duplexes shown in (E) and (G) (right panel) respectively. D,F) Background corrected PELDOR time traces of 377 nt RNAs **Xist^NO^3_3** (D, 7.5 μ[m]{.smallcaps} RNA) and **Xist^NO^5_3** (F, 7.2 μ[m]{.smallcaps} RNA). E,G) Inter‐label distance distributions of RNAs **Xist^NO^3_3** (pink curve, E) and **Xist^NO^5 3** (blue curve, G) overlaid with predicted N--N distance distributions (**Xist^NO^3_3**: pink shading, G and **Xist^NO^5_3**: blue shading, G) by MD simulation.](ANIE-59-7891-g004){#anie201916447-fig-0004}

From the PELDOR experiment on **Xist^NO^3_3**, a modulation depth of 12 % is obtained matching the labeling efficiency. The corresponding distance distribution gave a relatively broad distance distribution peaking at 3.8 nm (Figure [4](#anie201916447-fig-0004){ref-type="fig"} D,E). Assuming duplex formation between the 5′ and 3′‐ends of the Xist A‐region as proposed earlier[17a](#anie201916447-bib-0017a){ref-type="ref"} and depicted schematically in Figure [4](#anie201916447-fig-0004){ref-type="fig"} A, a model duplex for MD simulation was constructed as shown in Figure [4](#anie201916447-fig-0004){ref-type="fig"} E. The main peak of 1 μs simulation (3.9 nm) overlaps well with the PELDOR derived distance distribution (Figure [4](#anie201916447-fig-0004){ref-type="fig"} B,E). With both spin labels positioned at the 3′‐end of the Xist A‐region, similar distances between both labels can be predicted for the diverse alternative folds of the Xist A‐region, which have been proposed previously[17](#anie201916447-bib-0017){ref-type="ref"} (for an overview of the different structural models see Figure S25) and which may explain the large width of the peak. We reason that the Xist A‐region is not homogenously folded and most likely several of the predicted folds contribute to the broad distance distribution measured by PELDOR.

Only one[18](#anie201916447-bib-0018){ref-type="ref"} of these proposed models[17a](#anie201916447-bib-0017a){ref-type="ref"}, [17c](#anie201916447-bib-0017c){ref-type="ref"}, [17d](#anie201916447-bib-0017d){ref-type="ref"} predicts duplex formation between the 5′ and 3′‐end of the Xist A‐region. With our second construct, **Xist^NO^5_3**, we aimed testing the validity of this model by PELDOR. The modulation depth in this experiment is low (Figure [4](#anie201916447-fig-0004){ref-type="fig"} F), most likely due to conformational heterogeneity in the Xist RNA. In all other folding models, the 5′‐end does not interact with the 3′‐end, which would space both spin labels far apart from each other positioning the 5′‐label in a presumably less structured region of the RNA.[17c](#anie201916447-bib-0017c){ref-type="ref"}, [17d](#anie201916447-bib-0017d){ref-type="ref"} In this case, the long distances contribute to the intermolecular background, which is removed during data analysis. In our PELDOR experiment, we observe a distance distribution (Figure [4](#anie201916447-fig-0004){ref-type="fig"} G) with three peaks at 2.2, 4.3, and 6.0 nm. The peak at 4.3 nm is in excellent agreement with the MD derived distance distribution of the model duplex (4.3 nm, Figure [4](#anie201916447-fig-0004){ref-type="fig"} C,G) and consequently arises from duplex formation between the 5′ and the 3′‐end of the Xist A‐region. As modeling of the entire Xist A‐region is not reasonable at the current status of the structural information available with multiple potential conformations, we cannot yet suggest a model explaining the shorter (2.2 nm) and the longer (6.0 nm) distance. Remarkably, our PELDOR data strongly supports the unique folding model proposed by Fang et al.[17a](#anie201916447-bib-0017a){ref-type="ref"} in which 5′‐ and 3′‐end of the Xist A‐region form a stable duplex. Besides this, the Xist RNA shows an explicit conformational heterogeneity in solution as suggested previously.[17e](#anie201916447-bib-0017e){ref-type="ref"}

Conclusion {#anie201916447-sec-0003}
==========

In summary, the described approach is the only known strategy so far for the direct and site‐specific introduction of spin labels into RNA through in vitro transcription, allowing accurate distance measurements on large RNAs. DNA templates for in vitro transcription can be prepared either by assembly PCR from shorter, synthetic DNA oligonucleotides or by direct amplification of plasmid DNA in a six letter PCR. Our method will give access to information on the structure of large non‐coding RNA molecules, which is currently difficult to assess for example, by crystallization. We demonstrated its capability by examining the structure of the A‐region of lncRNA Xist with 377 nt in length. In combination with stable spin labels for in‐cell applications, our approach might in the future even allow spin labeling of functional RNAs in living cells.[18](#anie201916447-bib-0018){ref-type="ref"}
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